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Abstract 

We  report  in-situ  surface  x-ray  scattering  measurements  of  the  structure  and 
compressibility  of  eiectrochemically  deposited  Bi  monolayers  on  Ag(lll)  and  compare 
the  in-situ  structure  with  results  from  previous  cx-situ  experiments  on  cmersed 
electrodes,  where  the  structure  was  studied  with  low-cncrgv  electron  diffraction  (LEED). 

We  find  that  the  Bi  monolayer  forms  an  unusual  structure:  a  two-dimensional  rectangu¬ 
lar  lattice  that  is  uniaxially  commensurate  with  the  hexagonal  Ag(  III)  surface  along  the 
Ag  [21 1]  direction.  There  are  two  Bi  adatoms  per  rectangular  unit  cell  and  one  adatom 
is  displaced  from  the  centcred-rcctangular  position  by  ~0.25A  along  the  commensurate 
direction.  The  displacement  shortens  two  of  the  Bi-Bi  near-neighbor  bond  distances  but 
lengthens  two  others  and  may  reflect  the  tendency  toward  covalent  bonding  in  Bi.  With 
increasing  coverage  (decreasing  applied  potential),  the  Bi  monolayer  compresses 
uniaxially  along  the  incommensurate  direction  (Ag  [0 1 T]).  which  preserves  the  uniaxially 
commensurate  structure.  The  measured  two-dimensional  compressibility, 

*20“  0.75A2/cV,  is  similar  to  the  previously  measured  compressibilities  of  T1  and  Pb 
monolayers  on  Ag(lll)  and  Au(lll)  and  is  in  reasonable  agreement  with  theoretical 
estimates.  The  presence  or  absence  of  Cl'  ions  docs  not  affect  the  structure  or  its 
compressibility.  Although  the  in-situ  rectangular  structure  differs  from  that  proposed 
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in  the  ex-situ  UiItD  experiments  of  Lagurcn-Davidson  ct  al.  (l.angmuir  4,  224  (1988)), 
we  believe  that  the  in-situ  and  cx-situ  structures  are  in  fact  the  same.  We  show  that  our 
proposed  rectangular  structure  completely  explains  the  LI1HI)  data,  when  multiple 
scattering  (typically  present  in  U:KD)  is  taken  into  account;  in  contrast,  the  complicated 
iJTxlsJT  —  /?30°  structure  proposed  from  I.FF.D  is  inconsistent  with  our  in-situ  data. 
This  comparison  demonstrates  that,  at  least  for  the  case  of  Bi/ Ag(  111),  the  cx-situ 
emersion  experiments  preserve  the  in-situ  monolayer  structure. 
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/.  Introduction 


The  atomic  structure  at  solid-liquid  interfaces  is  of  fundamental  importance  in 
electrochemistry,  since  this  structure  strongly  affects  the  chemical  and  physical  proper¬ 
ties  of  the  interface.  Consequently,  considerable  effort  has  been  directed  toward  study¬ 
ing  this  interface  and  adsorbed  layers  at  the  interface  using  traditional  electrochemical 
and  spectroscopic  techniques.  However,  these  techniques  only  provide  indirect  infor¬ 
mation  about  the  atomic  scale  structure  of  the  interface.  To  obtain  more  direct  infor¬ 
mation,  many  investigators  have  adopted  the  use  of  ex-situ  techniques,  where  the 
electrode  surface  is  examined  with  surface  science  methods  following  emersion  of  the 
electrode  and  transfer  into  ultrahigh  vacuum  (IJIIV).1'5  These  emersion  experiments 
have  provided  valuable  information  on  the  cx-situ  structure  of  layers  adsorbed  from 
solution.  However,  the  question  of  whether  the  cx-situ  structure  determined  in  the 
emersion  experiments  is  the  same  as  the  in-situ  structure  remains  open:  the  removal  of 
the  solvent  and  the  loss  of  potential  control  can  cause  the  surface  to  rearrange  during 
the  emersion  process.  Thus,  it  is  very  important  to  determine  the  in-situ  structure  of 
layers  adsorbed  at  solid-liquid  interfaces  and  to  compare  these  in-situ  structures  with 
those  measured  ex-situ.  This  will  permit  an  understanding  of  the  extent  to  which  these 
ex-situ  experiments  preserve  the  in-situ  structure. 


As  we  have  discussed  and  shown  before,  surface  x-ray  diffraction  and  x-ray 
spectroscopies  are  well  suited  to  in-situ  measurements  of  atomic  arrangements  at  the 
solid-liquid  interface.6  10  The  weakly  interacting  nature  of  hard  x-ray  radiation  enables 
x-rays  to  penetrate  the  electrolyte  and  directly  probe  the  interface.  In  addition,  the  high 
x-ray  flux  available  from  modern  synchrotron  radiation  sources  permits  surface 
diffraction  measurements  from  single  adsorbed  layers  with  count  rates  of  up  to  30,000 
counts  per  second.  Because  of  the  weak  interaction  between  x-rays  and  matter,  a  simple 
kinematic  (or  single  scattering)  approach  can  be  used  to  analyze  experimental  data  and 
determine  the  surface  structure.  This  simple  analysis  is  one  of  the  most  important  ad¬ 
vantages  of  surface  x-ray  diffraction  compared  to  the  most  common  surface  structural 
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technique,  low-energy  electron  diffraction  (M:RD).  where  multiple  scattering  of 
electrons  must  be  taken  into  account. 


In  this  paper,  we  report  a  surface  x-ray  diffraction  study  of  the  in-situ  structure  of 
clectrochcmically  deposited  monolayers  of  Bi  on  Ag(lll),  making  use  of  the  simplified 
kinematic  interpretation  of  x-ray  diffraction  patterns.  We  find  that  Bi  forms  a  rectan¬ 
gular  lattice  that  has  two  Bi  atoms  per  unit  cell;  the  lattice  is  uniaxially  commensurate 
with  the  hexagonal  Ag(lll)  surface  along  the  Ag  [211]  direction  and  has 
incommensurate  Bi  rows  along  the  Ag  [0 iT]  direction.  With  increasing  coverage,  the  Bi 
monolayer  remains  commensurate  with  the  Ag  surface  along  the  Ag  [21 1]  direction,  but 
compresses  uniaxially  along  Ag  [Oil].  The  coverage  was  varied  by  changing  the  applied 
potential,  and  from  these  measurements,  the  two-dimensional  compressibility  is  deter¬ 
mined  to  be  K2d~  0.75A2/eV.  We  compare  the  in-situ  structure  to  that  proposed  in  the 
ex-situ  experiments  of  Lagurcn-Davidson  ct  al.5  (LI.SII).  who  used  the  emersion  tech¬ 
nique  and  characterized  the  structure  of  Bi/Ag(  III)  with  l.HHD.  Although  the  in-situ 
rectangular  structure  is  different  from  the  iJT xlJT  —  RIO'  structure  proposed  by 
LLSII,5  we  believe  the  in-situ  and  cx-situ  structures  to  be  the  same.  We  show  that  when 
multiple  scattering  is  included,  the  in-situ  rectangular  structure  reproduces  the  observed 
LCHD  pattern,5  while  the  2jfx2jT  -  /?30"  structure  is  inconsistent  with  our  data. 
This  particular  case  illustrates  the  importance  and  utility  of  in-situ  surface  diffraction 
measurements  of  the  electrochemical  interface. 

11.  Experimental  Aspects 

The  x-ray  data  were  collected  at  the  National  Synchrotron  Right  Source  beam  line 
X20C11’  12  An  incident  x-ray  energy  of  10005  eV  (I.2395A)  was  selected  using  a  Si(l  1 1) 
double  monochromator.  The  x-rays  were  focused  with  a  grazing  incidence  mirror;  at  the 
sample,  this  produced  vertical  and  horizontal  full-widths  at  half-maximum  (FWIIM)  of 
0.8mm  and  0.9mm,  respectively.  The  incident  beam  intensity  was  monitored  by  a  Nal 
scintillation  detector  viewing  a  thin  Kapton  foil.  The  diffracted  beam  was  analyzed  with 


lmrad  Soller  slits  and  the  intensity  was  measured  with  a  Nal  scintillation  detector.  The 
sample  was  aligned  using  the  bulk  Ag  reflections  and  all  data  wore  collected  in  the 
symmetric  (cu  =  0)  mode.13 

Our  experiments  were  all  performed  in-situ  (in  electrolyte),  under  potential  control, 
and  at  room  temperature.  The  electrochemical  cell  is  the  same  as  that  used  in  our  earlier 
investigations.7-  8’  14  The  electrode  substrates  were  epitaxially  grown  thin  films  of  Ag 
that  were  vapor  deposited  onto  freshly  cleaved  mica.  -  The  Bi  monolayer  was 
e'.ectrochcmically  deposited  with  the  cell  inflated  so  a  relatively  thick  (~lmm)  layer  of 
electrolyte  covers  the  electrode.  The  electrolyte  was  then  partially  removed  and  the 
surface  diffraction  data  were  measured  through  the  thin  (<30^m)  layer  of  electrolyte  that 
remained  above  the  electrode.  Since  the  cyclic  voltammograms  for  the  deposition  ofBi 
are  sensitive  to  the  presence  of  Cl ,  wc  investigated  the  possible  clfccts  of  Cl  ions  on  the 
structure  and  compressibility  of  the  Bi  monolayer.  1'wo  different  electrolytes  were  used: 
a  chloride-containing  solution  of  0. 1M  11C1()4  with  2.5mM  Bi20,  and  0.35mM  NaCI, 
and  a  chloride-free  solution  of  0. 1M  I1C104  containing  2.5mM  Bi2Ov  All  potentials 
were  measured  relative  to  the  Ag/AgCl  (3M  KC1)  reference  electrode  in  the  diffraction 
cell.  For  the  experiments  in  the  chloride-containing  electrolyte,  the  Ag/AgCI  reference 
electrode  was  isolated  from  the  cell  by  a  single  porous  frit,  but  to  prevent  contamination 
during  the  experiments  in  the  chloride-free  electrolyte,  the  reference  electrode  was  iso¬ 
lated  behind  a  second  porous  junction  filled  with  0. 1M  I1CI()4. 

The  electrochemical  deposition  of  Bi  on  Ag(lll)  occurs  in  two  distinct  stages. 
First,  at  an  electrode  potential  positive  of  the  thermodynamic  (Ncrnst)  potential  for  bulk 
deposition,  a  single  monolayer  is  deposited,15-  ,r’  and  then  at  the  Ncrnst  potential,  bulk 
Bi  is  deposited.  The  monolayer  deposition  process  is  referred  to  as  underpotentiai  de¬ 
position  (UPD),  and  on  single  crystals,  IJPD  deposits  often  form  well  defined,  ordered 
monolayers.  ’  ’  The  measured  cyclic  voltammograms  for  Bi  deposition  on 

Ag(Ill)  from  chloride-free  and  chloride-containing  electrolytes  arc  shown  in  Figures 
1(a)  and  (b),  respectively.  Our  x-ray  data  show  that  the  large  peak  at  approximately 
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HOmV  corresponds  to  the  deposition  of  a  Hi  monolayer.  The  stripping  peak  is  notice¬ 
ably  broader,  which  is  due  to  slow  kinetics;  in  addition,  slow  kinetics  probably  affect  the 
shape  and  position  of  the  deposition  peak.15  The  charge  passed  during  deposition  is 
450-480  nC/cvn 2,  consistent  with  previous  measurements  (450-470  /i(7cm2).'5,  16 

The  Ag  substrates  used  in  our  experiments  are  of  high  quality  and  have  large,  flat 
(111)  faces  that  are  defect  free.  This  high  quality  is  shown  by  the  cyclic  voltammograms, 
which  agree  with  those  published  on  single-crystals,1  Ir’  and  by  the  intense,  sharp  sur¬ 
face  diffraction  peaks  from  the  Ag  substrate.  From  the  width  of  these  surface  peaks, 
we  calculate  a  surface  domain  size  of  500 A  and  an  in-plane  mosaic  spread  of  0.2°. 

///.  In-Situ  X-ray  Scattering  Measurements  of  the  Structure  and 
Compressibility 

The  in-situ  diffraction  pattern  for  Bi/Ag(  III)  in  the  chloride-containing  electrolyte  is 
shown  in  Figure  2.  For  simplicity,  Figure  2(a)  shows  the  pattern  that  would  be  observed 
from  a  single  domain  of  the  rectangular  structure.  The  approximate  observed  intensity 
for  each  diffraction  peak  is  indicated  by  the  size  of  the  filled  circles.  I  hese  intensities 
are  only  approximate,  since  we  have  not  yet  made  careful  crystallographic  measurements 
of  the  integrated  peak  intensities.  The  (0!>)  peak  (indicated  by  the  cross)  was  too  weak 
to  be  measured  and  the  (01)  peak  (indicated  by  the  open  squares)  was  obscured  by  a 
strong  diffraction  peak  from  the  mica  substrate.  Notice  that  the  Hi  (20)  peak  occurs  at 
exactly  the  same  position  as  the  Ag  -^-(422)  surface  rod/’  R'  ,Q  which  shows  that  the 
rectangular  Bi  monolayer  is  commensurate  with  the  Ag  substrate  in  this  direction.  Be¬ 
cause  of  the  three-fold  symmetry  of  the  Ag  (111)  substrate,  there  arc  three  domains  of 
the  rectangular  structure,  which  are  commensurate  along  directions  that  arc  rotated  120° 
and  240°  with  respect  to  the  domain  shown  in  Figure  2(a).  The  surface  diffraction  pat¬ 
tern  that  we  observe  is  the  superposition  of  all  three  domains  with  equal  intensity  and 
is  shown  in  Figure  2(b). 
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Figure  3  shows  diffraction  scans  through  the  Bi  (I  I),  (31),  (30),  and  (03)  peaks.  In 
these  7i  scans',  the  magnitude  of  the  scattering  vector  is  varied,  while  the  component  of 
the  scattering  vector  perpendicular  to  the  surface  and  the  direction  of  the  component 
parallel  to  the  surface  arc  both  fixed/’  (An  illustration  of  an  h  scan  is  given  in  Figure  2.) 
The  (1 1)  peak  is  very  intense  compared  to  the  (30)  and  (31)  peaks,  which  likely  reflects 
a  large  Dcbye-Waller  factor.  The  Bi(03)  peak  was  not  observed  and  an  h  scan  through 
the  expected  position  for  this  peak  is  shown  in  Figure  3(d).  Ihc  open  circles  arc  data 
taken  with  the  Bi  monolayer  adsorbed  on  the  surface  (V  =  60mV).  while  the  line  is  data 
taken  at  V=250mV,  where  the  Bi  monolayer  is  not  adsorbed.  I  hc  difference  between 
these  two  (Bi  on  minus  Bi  off)  is  shown  in  the  inset  and  the  arrow  marks  the  expected 
position  of  (03)  peak.  These  data  show  that  the  Bi(03)  peak  is  absent  at  the  level  of  the 
current  measurement  (0.5x10  1  counts/monitor  or  0. 1  %  of  the  (II)  peak  intensity).  The 
small  intensity  offset  seen  in  the  inset  in  Figure  3(d)  is  due  to  a  slight  variation  in 
electrolyte  thickness  between  scans. 


The  in-situ  structure  of  the  Bi  monolayer  that  we  deduce  from  these  data  is  shown 
in  Figure  4.  For  clarity,  we  have  drawn  the  Bi[  10]  rows  atop  the  Ag  [Oil]  rows,  al¬ 
though  it  is  not  possible  to  determine  the  epitaxy  from  our  current  measurements.  I  hc 
rectangular  symmetry  of  the  Bi  diffraction  pattern  shows  that  the  monolayer  structure 
is  also  rectangular.  Because  the  Bi  (20)  diffraction  peak  is  found  at  the  same  position 
as  the  Ag  -y  (422)  surface  rod,  the  Bi  monolayer  is  commensurate  with  the  Ag  substrate 
in  this  direction.  The  observation  of  the  Bi  (30),  (10)  and  (12)  diffraction  peaks  with 
nonzero  intensity  means  that  the  monolayer  docs  not  have  a  centered  rectangular  lattice, 
but  that  the  adatom  near  the  center  of  the  rectangle  is  displaced  from  a  perfect  centered 
position  along  the  Bi[IO]  direction  (sec  Figure  4).  Since  the  (03)  peak  is  not  observed, 
there  is  no  displacement  of  the  nearly  centered  adatom  along  the  Bi[01]  direction  (i.c. 
the  commensurate  direction).  Note  that  the  displacement  along  only  the  Bi[IO]  direc¬ 
tion  results  in  a  glide  plane  along  the  Bi[01]  direction.  Although  we  have  not  yet  per¬ 
formed  careful  crystallographic  intensity  measurements,  by  comparing  intensities  of  the 
Bi  (30)  and  (II)  peaks  we  estimate  that  the  displacement  from  the  ccntcrcd-rcctangular 
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position  is  ^0.25A  along  Bi[ 1 0].  This  distortion  shortens  two  of the  Bi-Bi  near-neighbor 
bonds  while  lengthening  two  others,  and  it  may  reflect  the  tendency  toward  covalent 
bonding  in  Bi. 

Throughout  this  discussion,  we  have  only  considered  one  domain  of  the  rectangular 
Bi  structure  and  have  assumed  that  this  domain  is  oriented  with  the  Bi[!0]  direction 
along  the  Ag  [211]  direction.  Recall  that  there  are  three  other  domains  on  the  surface. 
These  domains  will  not  have  this  orientation,  but  will  have  the  Bi[IO]  direction  along  the 
either  Ag  [121]  or  [112]  directions.  We  have  discussed  only  the  domain  with  Bi[  1 0] 
parallel  to  Ag  [211]  for  notational  convenience  and  simplicity,  and  we  will  continue  to 
only  consider  this  domain. 

The  atomic  density  of  the  Bi  monolayer  (i.e.,  2/ah)  is  8.75  -  8.91  xIO14  atoms/cm2, 
as  calculated  from  the  data  in  Figures  4  and  5.  This  corresponds  to  a  coverage  (density 
normalized  the  Ag  atomic  density)  of  0  =  0.633-0.644.  Assuming  the  Bi  cations  arc 
completely  discharged  on  adsorption,  the  charge  passed  to  form  this  layer  is  420-428 
nC/cm2,  which  agrees  well  with  our  measurements  of  total  charge  (450-480  fiC./cm2)  and 
those  reported  in  the  literature  (450-470  /iC/cm2).1"  ,f> 

The  in-situ  structure  of  Bi/Ag( Ill)  is  unusual,  since  the  monolayer  adopts  a  rec¬ 
tangular  symmetry  on  a  surface  with  hexagonal  symmetry.  We  speculate  that  this  results 
because  of  a  fortuitously  close  match  between  the  atomic  spacings  of  the  Ag  substrate 
and  the  (102)  planes  of  bulk  hexagonal  Bi.20  We  are  currently  conducting  complete 
crystallographic  measurements  of  the  intensities  of  the  Bi  and  Ag  surface  diffraction  rods 
to  quantify  the  distortion  from  a  ccntcrcd-rectangular  cell  and  to  determine  the  epitaxy 
of  the  Bi[10]  rows  relative  to  the  Ag  surface  (i.e.,  arc  the  Bi[|0]  rows  directly  atop  the 
Ag  [Oil]  rows  or  in  between  these  rows?) 

As  shown  in  Figure  1,  the  presence  of  Cl  ions  affects  the  shape  of  the  UPD 
adsorption  and  desorption  peaks  for  Bi/A  g(  1 1 1).1 5  The  sharpening  and  shift  of  the  peaks 


show  that  Cl  speeds  up  Bi  adsorption  and  desorption.  To  determine  whether  Cl  also 
affects  the  structure  of  the  Bi  monolayer,  we  have  measured  the  monolayer  structure  in 
a  chloride-free  electrolyte.  No  systemic  changes  were  observed  between  chloride-free 
and  chloride-containing  electrolytes.  The  positions  of  the  Bi  surface  diffraction  peaks 
were  identical  and  the  peak  intensities  were  the  same,  to  within  our  experimental  accu¬ 
racy  (^30%).  This  clearly  demonstrates  that  in  both  electrolytes  the  in-situ  structures 
of  the  Bi  monolayers  are  the  same:  a  uniaxially  commensurate,  rectangular  lattice  with 
similar  distortions  from  a  centered  rectangular  cell.  However,  because  we  have  not  made 
accurate  measurements  of  the  diffracted  intensity  in  both  cases,  the  possibility  that  there 
are  subtle  differences  in  the  positions  of  the  Bi  adatoms  within  the  unit  cell,  due  to 
adsorption  of  Cl ,  cannot  be  ruled  out.  (For  example,  the  distortion  from  a  centered 
rectangular  cell  could  depend  on  the  concentration  of  O',  or  some  Cf  may  be  adsorbed 
in  an  ordered  fashion  on  the  Bi  monolayer). 

In  our  previous  experiments  with  UPD  T1  and  Pb  monolayers  on  Au(lll)  and 
Ag(  111)  substrates,  we  found  that  these  incommensurate,  hexagonal  monolayers  com¬ 
pressed  isotropically  as  the  applied  potential  was  decreased  toward  the  bulk  deposition 
potential.9,  2,1  22  We  find  a  very  different  result  for  Bi/Ag(!ll):  the  Bi  monolayer 
compresses  uniaxially  along  the  incommensurate  direction  (Ag[OlT])  as  the  applied  po¬ 
tential  decreases.  This  is  demonstrated  in  Figure  5,  where  the  a  and  b  lattice  constants 
of  the  monolayer  arc  plotted  vs  potential  in  both  chloride-containing  and  chloride-free 
electrolytes.  In  both  electrolytes  only  the  incommensurate  lattice  constant,  h ,  depends 
on  the  applied  potential.  The  commensurate  lattice  constant,  a,  remains  locked  to  the 
Ag  lattice  over  the  entire  potential  range  where  the  monolayer  is  stable.  Thus,  in  both 
electrolytes,  the  compression  preserves  the  uniaxially  commensurate  structure. 

The  compression  of  the  Bi  monolayer  with  decreasing  potential  is  easily  under¬ 
stood.  First,  consider  a  UPD  monolayer  in  equilibrium  with  its  cations  in  solution  and 
at  a  potential  where  the  monolayer  has  just  formed.  Decreasing  the  applied  potential 
(i.e.,  lowering  the  Fermi  level),  creates  a  thermodynamic  driving  force  to  discharge  more 
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Bi3  +  cations  and  hence  to  pack  more  Bi  atoms  on  the  Ag  surface.  The  compression  is 
a  necessary  consequence  of  the  increased  packing  density.  Alternatively,  one  can  con¬ 
sider  that  as  the  applied  potential  decreases,  the  chemical  potential  of  the  adatoms  in  the 
monolayer  increases,  because  the  potential  drop  across  the  mctal/solution  interface  de¬ 
creases.  Since  the  chemical  potential  of  the  monolayer  has  increased,  the  monolayer  free 
energy  can  be  reduced  by  increasing  the  number  of  Bi  adatoms  on  the  Ag  surface.  The 
compression  of  clectrochemically  deposited  layers  is  completely  analogous  to  vacuum 
experiments  on  the  adsorption  of  rare  gases.  Since  the  chemical  potential  of  the 
adsorbed  layer  is  controlled  by  the  vapor  pressure  of  the  gas,  an  increase  in  the  vapor 
pressure  causes  a  compression  of  the  adsorbed  monolayer.23'26 


We  have  previously  shown  that  the  change  in  monolayer  area  with  applied  poten¬ 
tial  can  be  used  to  determine  the  two-dimensional  (2D)  isothermal  compressibility  of  the 
monolayer,  k20,  and  we  have  determined  Km  for  the  incommensurate,  hexagonal 

monolayers  of  Pb  and  T1  on  Ag(  III)  and  Au(l  1 1).6,  21  By  analogy  with  bulk  matter, 

•  27 

kid  is: 


_  z  1  w  dci  \  /  dci  , 

KlD  =  ~^){~d£\~  dp  )  ’ 


(i) 


where  <f>  is  the  2D  spreading  pressure,  a  the  atomic  area,  and  /i  the  chemical  potential 
of  the  monolayer.  The  formal  expression  of  the  relationship  between  chemical  potential 
and  applied  potential  is 

dpi  -  -  ZedV ,  (2) 

where  Z  is  the  number  of  electrons  transferred  per  atom  deposited  and  V  is  the  applied 
potential.17  It  is  important  to  note  that  this  relationship  requires  chemical  and  thermal 
equilibrium  between  the  monolayer  and  the  ions  in  solution.  Using  equations  (1)  and 
(2)  and  the  slope  from  Figure  5(b),  we  calculate  K2n  =  0.75A2/cV  for  Bi/AgC III).  This 
is  about  the  same  as  our  previous  results  for  Tl  (Km  =  IT’-2.0A2/eV)  and  Pb 
(*2 o=  I.2-1.6A2/cV).6’  9'  21  It  is  also  in  reasonable  agreement  with  Km  (~0.2A2/cV) 
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calculated  for  a  model  of  the  monolayer  compressibility  that  considers  only  the  electron 
compressibility  and  approximates  this  as  Kin  for  a  2D  free  electron  gas.6,  21  We  note 
that  although  the  compression  is  uniaxial,  the  compressibility  we  measure  is  a  iwo- 
dimensional  compressibility,  not  a  one-dimensional  compressibility,  since  the  monolayer 
is  inherently  two  dimensional. 

IV.  Comparison  with  Ex- situ  LEED  Results 

This  experiment  permits  the  first  direct  comparison  between  an  in-situ,  solid-liquid 
interfacial  structure  and  the  structure  present  after  emersion  in  the  situation  where  the 
surface  is  not  grossly  altered  due  to  oxidation  on  emersion.  This  comparison  is  a  crucial 
test  of  whether  the  in-situ  structure  of  UPD  monolayers  is  changed  during  the  emersion 
process  and  it  will  help  determine  the  extent  to  which  these  cx-situ  experiments  preserve 
the  in-situ  structure.  In  this  case,  IJPD  Pi  monolayers  maintain  the  same  structure  after 
emersion;  in  other  cases,  (e.g.,  T1  and  Pb  on  Ag(l  II))4’  5  the  monolayers  are  substan¬ 
tially  altered  due  to  oxidation  on  emersion. 

In  their  ex-situ  study,  Tagurcn-Davidson  ct  al.  (I, I. SI  I),  investigated  the 
electrodeposition  of  Bi  onto  a  Ag(!  1 1)  single  crystal  from  an  aqueous  solution  of0.02M 
acetic  acid,  0.01M  trifluoroacctate  (TFA),  and  10'4M  bismuth(III)  acetate.  The 
voltammetric  behavior  in  TFA  is  similar  to  the  behavior  we  have  observed  in  IIC104. 
After  deposition  of  a  full  monolayer  of  Bi,  EESH  removed  the  electrode  from  solution 
while  maintaining  potential  control,  evacuated  the  chamber  containing  the  electrode, 
and  characterized  the  electrode  surface  with  Auger  spectroscopy  and  I.FFD.5  After 
characterization,  the  electrode  was  reimmersed  and  the  open  circuit  potential  was  ob¬ 
served  to  be  negative  of  the  Bi  IJPD  peak,  indicating  the  monolayer  was  stable.5 

Figure  6(a)  shows  the  LEED  pattern  for  Bi/Ag(  III)  obtained  at  normal  incidence 
and  for  an  electron  energy  of  47cV.5,  28  The  observed  Ag  diffraction  spots  are  indicated 
by  the  open  circles  and  the  spot  sizes  roughly  indicate  the  observed  intensities.  LESII 
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interpreted  this  pattern  purely  kinematically  (multiple  scattering  was  not  considered)  and 
proposed  a  complicated  iJT xlJT  —  RIO”  structure  with  anti-phase  domains  in  the 
form  of  strips  with  an  average  width  of  8.5^3”  Ag  unit  cells.5  The  full  dynamical  LEED 
analysis  necessary  to  determine  the  multiple  scattering  contributions  to  the  observed 
LEED  pattern  was  not  performed.  This  is  a  complex  procedure,  but  is  often  necessary 
to  derive  surface  structure  from  LEED.  Although  the  iJY  xlfY  —  /?30°,  anti-phase 
domain  structure  is  very  different  from  the  uniaxially  commensurate  rectangular  struc¬ 
ture  determined  from  our  in-situ  x-ray  results,  we  show  below  that  the  in-situ  rectangular 
structure  completely  explains  the  observed  LEED  pattern  (Figure  6(a)),  when  multiple 
scattering  is  considered.  Thus,  we  believe  that  the  Bi  monolayer  structure  observed  ex- 
situ  with  LEED  is  the  same  as  the  distorted  rectangular  structure  wc  observe  in-situ.  (Of 
course,  the  size  of  the  distortion  in  the  in-situ  and  cx-situ  systems  may  be  slightly  dif¬ 
ferent.) 


A  comparison  of  the  LEED  pattern  in  Figure  6(a)  with  the  in-planc  x-ray 
diffraction  pattern  in  Figure  2(b)  shows  that  all  of  the  x-ray  diffraction  peaks  are  ob¬ 
served  in  the  LEED  pattern;  however,  there  arc  LEED  spots  that  do  not  appear  in  the 
x-ray  pattern  and  these  spots  are  enclosed  by  the  rectangles  and  triangles  in  Figure  6(a). 
Since  the  x-ray  pattern  shows  all  the  spots  that  arc  kinematically  allowed,  these  extra 
spots  are  due  to  multiple  scattering.  The  most  prominent  set  of  multiple  scattering  spots 
is  the  quadruplet  enclosed  by  the  rectangle.  During  our  in-situ  x-ray  experiments,  wc 
searched  extensively  and  carefully  in  this  area  of  reciprocal  space  for  the  quadruplet,  but 
did  not  find  any  diffraction  from  the  Bi  monolayer.  Thus,  since  the  in-situ  and  cx-situ 
Bi  structures  are  the  same,  the  quadruplet  observed  in  the  LEED  experiment  must  be 
due  to  multiple  scattering. 

We  now  show  how  the  multiple  scattering  spots  indicated  in  Figure  6(a)  arise  from 
double  diffraction  between  the  Bi  monolayer  and  the  Ag  substrate.  Figure  6(b)  demon¬ 
strates  this  explicitly  for  the  quadruplet  enclosed  by  the  rectangle  in  Figure  6(a):  The 
heavy  solid  line  is  an  Ag  surface  reciprocal  lattice  vector,  while  the  thinner  solid  lines 
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are  Bi  reciprocal  lattice  vectors.  Double  diffraction  occurs  at  positions  given  by  the  sum 
of  all  the  Ag  and  Bi  reciprocal  lattice  vectors.  Figure  6(b)  shows  that  this  sum  produces 
two  of  the  four  members  of  the  quadruplet;  the  other  two  members  are  obtained  by 
double  diffraction  from  symmetry  equivalent  Ag  and  Bi  reciprocal  lattice  vectors.  (These 
are  not  shown  but  obtained  by  a  simple  reflection  of  the  Figure  about  the  horizontal 
axis).  As  Figure  6(b)  also  suggests,  one  is  tempted  to  expect  diffraction  at  the  position 
indicated  by  the  small  open  circle.  However,  this  is  at  the  same  position  as  the  Bi(01) 
diffraction  spot,  which  is  kinematically  forbidden  because  of  the  glide  plane  in  the  Bi 
structure.  For  a  normal  incidence  FEED  experiment,  this  spot  is  also  dynamically  for¬ 
bidden,  as  shown  theoretically  by  Holland  and  Woodruff29  and  demonstrated  exper¬ 
imentally.30  Thus,  it  is  not  observed  in  the  FEED  experiment  of  FFSH.5  If  the  FEED 
experiment  was  performed  with  the  incident  electron  beam  at  some  off-normal  incidence 
angles,  then  this  multiple  scattering  spot  would  be  seen.29 


Figure  6(c)  shows  all  the  multiple  scattering  spots  generated  by  double  diffraction 
between  the  Ag  substrate  and  the  Bi  monolayer.  As  is  clearly  seen,  double  diffraction 
successfully  explains  the  multiple  scattering  spots  enclosed  by  the  triangles  in  Figure 
6(a),  and  in  addition,  predicts  two  sets  of  spots  near  the  origin  (marked  by  arrows). 
These  spots  (and  the  other  spots  represented  by  filled  squares)  arc  not  seen  in  the  47cV 
LEED  pattern  from  the  ex-situ  experiment;5  this  is  presumably  due  to  the  spots  having 
a  small  intensity  at  47eV,  although  a  dynamical  calculation  is  necessary  to  confirm  this. 
The  sets  of  spots  marked  by  arrows  are,  however,  observed  in  FEED  measurements  (at 
37eV)  of  vapor  deposited  Bi  on  Au(lll),31  which  we  believe  has  the  same  rectangular 
structure  as  Bi/Ag(l  1 1),  as  described  below. 


For  incommensurate  adsorbed  layers,  double  diffraction  between  the  monolayer 
and  the  substrate  has  often  been  observed  in  FEED  experiments.32'37  For  example,  the 
LEED  patterns  of  vapor  deposited  Pb  on  Ag(lil)  and  Cu(lll)  clearly  show  double 
diffraction  spots  that  arc  observed  at  the  sum  of  substrate  and  adsorbed  monolayer  re¬ 
ciprocal  lattice  vectors.32  Many  inert  gases  adsorbed  on  graphite  form  layers  that  are 
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incommensurate  with  the  graphite,  and  for  these  systems,  double  diffraction  is  always 
observed  in  LEED.33,  34  Similarly,  double  diffraction  also  appears  in  LEED  exper¬ 
iments  on  the  uniaxially  commensurate  phase  of  Xe/Cu(l  10). 36 

Our  previous  results  show  that  the  in-situ  structure  of  UPD  monolayers  ofTl  and 
Pb  on  Au(lll)  and  Ag(Ul)  is  the  same  as  the  vapor  deposited  metal  monolayers  - 
namely,  incommensurate,  rotated  hexagonal  overlayers.9,  *4,  22  Unfortunately,  we  are 
not  aware  of  any  measurements  of  vapor  deposited  Bi/Ag(  III).  There  is,  however,  a 
report  of  vapor  deposited  Bi/Au(l  1 1)31  and  the  TEED  pattern  for  this  system  (obtained 
at  37eV)  is  remarkably  similar  to  that  shown  in  Figures  6(a)  and  (c).  This  similarity 
strongly  suggests  that  the  monolayer  of  vapor  deposited  Bi  on  Au(l  11)  forms  a  rectan¬ 
gular  structure,  similar  to  UPD  Bi/Ag( 111).  In  addition,  the  TEED  pattern  for 
Bi/Au(!  1 1)3'  clearly  shows  the  two  sets  of  six  spots  marked  with  small  arrows  in  Figure 
6(c).  The  observation  of  these  spots  at  the  positions  predicted  by  double  scattering 
further  supports  our  conclusion  that  Bi  on  Ag(l  1 1)  and  Au(l  1 1)  form  centered  rectan¬ 
gular  structures.  It  would  be  interesting  to  see  a  study  of  vapor  deposited  Bi/Ag(ll  I). 

In  summary,  we  are  confident  that  the  in-situ  and  cx-situ  structures  for  Bi/Ag(l  1 1) 
are  both  uniaxially  commensurate  rectangular  structures.  This  is  intuitively  appealing, 
since  the  in-situ  rectangular  structure  is  considerably  simpler  than  the 
ijl  xlsJT  —  R 30°,  anti-phase  domain  structure  proposed  from  the  cx-situ  measure¬ 
ments.5  In  addition,  the  coverage  calculated  from  our  structure  (sec  Figure  4)  is  in  ex¬ 
cellent  agreement  with  the  total  charge  measured  during  the  deposition  of  Bi,  as 
determined  by  us  (see  Figure  l)  and  as  reported  in  the  literature.15'  16  While  the  struc¬ 
ture  of  Bi/Ag( 111)  was  not  altered  in  the  cx-situ  experiments,  UPD  layers  of  T1  and  Pb 
on  Ag(l !  1)  are  dramatically  changed  in  similar  experiments.4,  5  During  removal  of  the 
electrode  from  the  electrolyte,  loss  of  potential  control,  and  transfer  into  UI1V,  T1  and 
Pb  UPD  layers  are  oxidized  and  their  structure  changes.  Thus,  emersion  can  certainly 
cause  changes  in  adsorbed  layers.  However,  our  findings  suggest  that  in  the  absence  of 
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chemical  reaction,  an  alteration  of  UPD  layers  on  emersion  is  not  inevitable  and  the 
solid/liquid  interfacial  structure  may  be  preserved  in  cx-situ  emersion  experiments. 

V.  Summary  and  Conclusions 

We  have  described  in-situ  surface  x-ray  scattering  measurements  of  electrochemically 
deposited  Bi  monolayers  on  Ag(lll).  The  Bi  monolayer  adopts  an  unusual  structure:  a 
rectangular  lattice  that  is  uniaxially  commensurate  with  the  hexagonal  Ag(lll)  surface 
along  the  Ag  [211]  direction.  There  are  two  Bi  atoms  per  unit  cell  with  one  displaced 
from  the  ccntcrcd-rcctangular  position  by  about  0.25A  along  the  commensurate  direc¬ 
tion.  This  distortion  indicates  a  tendency  of  the  Bi  adatoms  to  form  7ig-7.ag  rows  run¬ 
ning  along  the  incommensurate  direction  (Ag  [Oil]).  It  shortens  two  of  the  Bi-Bi 
near-neighbor  distances  while  lengthening  two  others  and  probably  reflects  the  tendency 
toward  covalent  bonding  in  Bi.  As  the  applied  potential  decreases,  the  Bi  monolayer 
compresses  uniaxially  along  the  incommensurate  direction  (Ag[OlT]),  preserving  the 
uniaxially  commensurate  structure.  The  2D  compressibility  of  the  Bi  monolayer  was 
measured  as  KiD=  0.75A2/eV,  which  is  comparable  to  our  results  for  T1  and  Pb 
monolayers  on  Ag(lll)  and  Au(lll)6’  9’  21  and  is  in  reasonable  agreement  with  a 
model  calculation.  We  also  found  that  the  presence  or  absence  of  Cf  ions  in  concen¬ 
trations  up  to  0.35mM  does  not  affect  the  structure  or  compressibility. 


The  results  of  these  surface  x-ray  scattering  measurements  arc  very  important:  first, 
they  allow  a  direct  determination  of  the  in-situ  structure  of  UPD  Bi/Ag(  111),  and  sec¬ 
ond,  they  permit,  for  the  same  system,  the  first  direct  comparison  between  an  in-situ 
structure  and  ex-situ  measurements  on  emersed  electrodes,  where  the  monolayer  struc¬ 
ture  was  determined  following  transfer  to  U I IV.5  Although  the  in-situ  uniaxial 
commensurate,  distorted  rectangular  structure  is  quite  different  from  the  structure  pro¬ 
posed  in  the  ex-situ  experiments,  wc  believe  that  the  in-situ  and  cx-situ  structures  arc, 
in  fact,  the  same.  When  doublc-difFraction  is  considered,  the  in-situ  structure  completely 
explains  the  published  ex-situ  LHED  data;'  in  contrast,  the  proposed 
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2-JT  x2-fi  —  /HO0,  anti-phase  domain  structure  is  inconsistent  with  our  (kinematic) 
surface  x-ray  scattering  data. 

This  comparison  demonstrates  that,  at  least  for  the  case  of  Bi/Ag(l  1 1),  the  cx-situ 
emersion  experiments  can  preserve  the  spatial  arrangement  of  the  adsorbed  atoms.  Al¬ 
though  the  emersion  technique  can  produce  drastic  changes  in  the  in-situ  interfacial 
structure,4,  5  the  preservation  of  the  interfacial  structure  in  this  one  case  offers  the 
possibility  (and  hope)  that  emersion  need  not  always  alter  the  interfacial  structure.  In- 
situ  surface  x-ray  scattering  experiments  on  additional  systems  arc  clearly  needed  to 
understand  when  and  why  the  interfacial  structure  is  preserved. 

Our  experiments  also  clearly  demonstrate  a  great  advantage  of  x-ray  diffraction 
compared  to  electron  diffraction.  X-rays  are  weakly  interacting  and  (for  surfaces)  the 
x-ray  diffraction  pattern  can  be  analyzed  kinematically,  without  considering  multiple 
scattering.  In  contrast,  electrons  are  very  strongly  interacting,  and  multiple  scattering 
must  be  properly  taken  into  account  during  data  analysis.  Although  the  influence  of 
multiple  scattering  on  LEED  intensities  is  widely  appreciated,  it  is  important  to  note  that 
for  incommensurate  adsorbed  layers,  multiple  scattering  leads  to  additional  LEED  spots 
that  arc  not  predicted  based  on  kinematic  considerations.  In  these  cases,  great  care  is 
needed  to  ensure  proper  interpretation  of  LEED  patterns. 
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Figure  Captions 


Figure  1.  Measured  cyclic  voltammograms  for  the  UPD  of  Bi  on  Ag(lll).  The 
voltammogram  is  obtained  by  linearly  sweeping  the  electrode  potential  in  the  negative 
direction  from  a  suitable  positive  potential.  The  potentials  were  measured  relative  to  the 
Ag/AgCl  (3M  KCI)  reference  electrode,  (a)  Deposition  of  Bi  in  chloride-free  solution 
(0.1M  I1C104  containing  2.5mM  Bi203).  (b)  Deposition  of  Bi  in  chloride-containing 
solution  (0.1M  HC104  containing  2.5mM  Bi203  and  0.35mM  NaCl).  The  total  charge 
passed  during  deposition  is  450-480  nC/cm 2  (from  the  area  under  voltammogram). 

Figure  2.  In-situ  surface  x-ray  diffraction  pattern  for  Bi/Ag(ll  I).  (a)  The  pattern 
that  would  be  observed  for  a  single  domain  of  the  rectangular  Bi  monolayer.  The  size 
of  the  filled  circles  indicates  the  approximate  observed  intensity  for  each  diffraction 
peak,  while  the  open  squares  indicate  reflections  we  did  not  measure  (because  of  lack 
of  time  or  because  the  Bi  peak  was  obscured  by  a  mica  peak).  The  Bi  (03)  peaks,  indi¬ 
cated  by  the  crosses,  were  too  weak  to  be  measured.  The  Ag  surface  peaks  arc  shown 
by  open  circles;  note  that  the  Bi(20)  peaks  overlap  two  of  the  Ag  surface  peaks.  The 
dashed  line  shows  an  example  of  an  h  scan,  (b)  The  observed  diffraction  pattern,  which 
is  the  incoherent  superposition  of  all  three  domains  present  on  the  surface.  All  peaks 
are  indicated  by  filled  circles.  This  pattern  is  shown  on  the  same  scale  as  Figure  6,  so 
the  x-ray  and  LEED  patterns  can  be  directly  compared. 

Figure  3.  In-situ  x-ray  diffraction  scans  from  a  Bi  monolayer  on  Ag(lll).  The 
perpendicular  component  of  the  scattering  vector  was  fixed  at  and  the  layer 

was  deposited  at  60mV  from  the  chloride-containing  electrolyte.  The  ordinate  is  the 
number  of  counts  received  by  the  detector  normalized  by  the  monitor  counts,  (a)  The 
Bi  (11)  peak,  (b)  The  Bi  (31)  peak,  (c)  The  Bi  (30)  peak,  (d)  A  scan  through  the  ex¬ 
pected  position  for  the  Bi  (03)  peak  (which  is  marked  with  the  arrow).  The  dashed  line 
shows  the  background  x-ray  scattering,  which  was  obtained  at  250mV,  where  the 
monolayer  is  completely  desorbed.  It  is  uniformly  smaller  (by  2%)  than  the  data  at 
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60mV  (circles),  because  the  electrolyte  thickness  changed  slightly  during  stripping  of  the 
monolayer.  Since  the  large  peak  at  about  4.I6A-1  is  present  at  both  potentials,  it  is 
caused  by  scattering  from  the  mica  substrate  or  the  polypropylene  Him  covering  the 
electrode.  The  inset  shows  the  difference  between  the  data  at  60mV  and  at  250mV, 
demonstrating  there  is  no  observable  intensity  in  the  (03)  peak.  A  typical  error  bar  is 
shown. 

Figure  4.  In-situ  structure  of  Bi/Ag( III).  The  open  circles  represent  the  surface 
atoms  of  the  Ag  substrate  (with  hexagonal  symmetry)  and  the  shaded  circles  represent 
the  Bi  adatoms.  The  relative  sizes  of  these  circles  correspond  to  the  near  neighbor 
spacing  of  bulk  Ag  (2.89A)  and  bulk  Bi  (3.07A).  The  distortion  of  the  centered  Bi 
adatom  is  shown  as  0.25A,  and  for  clarity,  the  Bi[IO]  rows  arc  shown  atop  the  Ag 
[Oil]  rows,  although  we  have  not  yet  determined  the  epitaxy,  flic  Bi  monolayer  is 
commensurate  in  the  a  direction,  (a-  5.005A  =  s/T  times  Ag  nearest-neighbor  distance), 
but  is  incommensurate  in  the  b  direction  (6  =  4.484A  -  4.566A). 

Figure  5.  Dependence  of  the  Bi  monolayer  lattice  constants  on  the  applied  poten¬ 
tial,  V.  The  triangles  and  circles  are  for  chloride-free  and  chloride-containing  electrolytes, 
respectively,  (a)  The  lattice  constant  a.  The  average  value  is  a  =  5.005  ±  0.001  A 
(standard  deviation  of  the  mean),  demonstrating  the  Bi  monolayer  is  uniaxially 
commensurate  with  the  Ag  surface,  (b)  The  lattice  constant  h.  The  line  is  a  linear 
least-squares  fit  to  the  data  and  has  a  slope  db/dV  =  -0.9/1/  V. 


Figure  6.  Low-energy  electron  diffraction  patterns  for  Bi/Ag(  111).  The  Ag 
diffraction  spots  are  indicated  by  open  circles,  (a)  Trace  of  the  FEED  pattern  as  deter¬ 
mined  by  LLSH  in  their  ex-situ  experiment  (an  electron  energy  of  47cV  at  normal  inci- 
dence).  ’  There  is  some  distortion  in  this  pattern  caused  by  distortions  in  the  FEED 
screen.  The  observed  intensities  are  roughly  indicated  by  the  spot  sizes.  The  rectangles 
and  triangles  enclose  diffraction  spots  that  arc  not  kinematically  allowed  for  the  in-situ 
rectangular  structure,  (b)  The  double-scattering  origin  of  the  quadruplet  enclosed  by  the 
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rectangle  in  (a).  The  heavy  solid  line  is  an  Ag  reciprocal  lattice  vector  and  the  thinner 
solid  lines  are  Bi  reciprocal  lattice  vectors.  For  each  of  the  three  domains,  double 
diffraction  occurs  at  all  positions  given  by  the  sum  of  Ag  and  Bi  reciprocal  lattice  vec¬ 
tors.  The  origin  of  two  of  the  four  members  of  the  quadruplet  is  illustrated,  (c)  The 
predicted  FEED  pattern  for  the  in-situ  rectangular  structure  including  double-dilTraction 
spots.  The  filled  circles  show  the  single-scattering  (or  kinematic)  spots,  while  the  squares 
show  spots  due  to  double  scattering.  The  open  squares  indicate  spots  (or  symmetry 
equivalent  spots)  that  were  observed  by  1.1. SH  at  47cV.3  The  filled  squares  represent 
spots  that  will  be  observed  at  different  electron  energies  and  the  arrows  mark  spots  that 
were  observed  at  37cV  for  vapor  deposited  Bi/Au(l  II),31  which  we  believe  has  the  same 
structure  as  Bi/Ag(  III). 
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